Introduction
Analyses of small subunit ribosomal RNA gene (SSU rDNA) sequences from environmental samples ('environmental clones') have revealed an unexpected diversity of picoplankton (<5µm) organisms in marine waters (Diéz et al. 2001; López-Garcia et al. 2001; Moon-van der Staay et al. 2001) . Although environmental clones recovered from marine environments include many different taxonomic groups, including prasinophytes, haptophytes and acanthareans, two groups, i.e. stramenopiles and alveolates are particularly dominant within genetic libraries (López-Garcia et al. 2001; Moon-van der Staay et al. 2001) . Such alveolates were further discovered to comprise, in addition to the sequences belonging to ordinary dinoflagellate or ciliate lineages, two distinct lineages with unknown representatives, named the Marine Alveolate Group I and the Marine Alveolate Group II, respectively (López-Garcia et al. 2001 ). The latter two groups are ubiquitous, being discovered virtually anywhere from tropic to Antarctic regions (López-Garcia et al. 2001; Moon-van der Staay et al. 2001) , from coastal and oceanic waters, sediments and hydrothermal vents to permanent anoxic deep waters (Groisillier et al. 2006; Jeon et al. 2006; Stoeck et al. 2006,) . However, so far, our knowledge of the kind of organisms, which actually represent these lineages is incomplete. Recently, some parasitic dinoflagellates belonging to the subdivision Syndinea of the division Dinoflagellata (Fensome et al. 1993) , such as Syndinium, Hematodinium and Amoebophrya, were found to belong to the Marine Alveolate Group II (Groisillier et al. 2006; Skovgaard et al. 2005) . The Marine Alveolate Group I still remains 'enigmatic ' (Groisilier et al. 2006; Stoeck et al. 2006) with no clear identifications having been made since the recognition of this group (López-Garcia et al. 2001) .
Recently Dolven et al. (2007) reported that sequences of some of the 'associates' (probably parasites) of four species of polycystine radiolarians and one phaeodarian species are included in the clade of Marine Alveolate Group I, although no morphological information of these species was provided.
During the course of taxonomic studies on parasitic dinoflagellates along the Japanese coasts, members of the genus Duboscquella were often encountered.
This genus is known to be parasitc mainly infecting tintinnid ciliates, although other types of hosts are known. The ciliates, Favella ehrenbergii (Claparéde et Lachmann) Jörgensen, Tintinnopsis campanula (Ehrenberg) Dady, and Codonella galea Haeckel, were reported to be infected by Duboscquella tintinicola (Chatton 1920). However, it later became clear that the flagellated dispersal stage from these different hosts can be distinguished morphologically and that their corresponding trophonts (feeding stage) also have specific characters, meaning that each ciliate species can be infected by a different species. A second species, D. anisospora is characterized by its unequal flagellated spore size and unique trophont morphology (Chatton 1952). Cachon (1964) described five new species that were distinguished from each other by 6 virtue of their trophont morphology. Hosts of these new species include non-tintinnid ciliates and dinoflagellates. Coats (1988) examined the cytology and life history of a parasite in the tintinnid ciliate, Entintinnus pectinis, and described it as D. cachoni Coats, differing from other members of the genus by the structure of its trophont, the pattern of sporogenesis, and spore morphologiy.
In most cases, species of Duboscquella are lethal to their hosts, even having a significant impact on entire populations. This is the case for Duboscquella cachoni and the ciliate Eutintinnus pectinis in Chesapeake Bay, USA (Coats and Heisler 1989) . The genus Duboscquella has a characteristic pattern of sporogenesis: there are successive nuclear and cytoplasmic divisions without interruption, termed "palintomy", through which a large number of biflagellate spores are produced. Two types of motile spores have been reported, i.e. the macrospore and the microspore. Both types of spore may be formed by the same species, but only one type is released from a given host (Coats 1988).
Ciliates play an important role as predators of microorganisms in the marine food webs (e.g. Johannson et al. 2004) , and more attention should be paid to the ecology of their parasites.
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The SSU rDNA of several samples of Duboscquella spp. was sequenced and the resultant phylogenetic analysis revealed that the genus belongs to the Marine Alveolate Group I clade. This is the first time that this organism has been linked with the ubiquitous, but enigmatic oceanic lineage.
Results

Trophont morphology and sporogenesis
Infected tintinnids were collected mainly in summer. Individuals of Favella ehrenbergii in the late stage of infection by Duboscquella sp. were easily detected because the parasite can be seen through the transparent host lorica (Figs 1, 2) . Despite infection, most of the hosts in the collected samples were alive and actively swimming. Sporogenesis (formation of spores) occurred outside the host cell, but within the host lorica. Sometimes Duboscquella sporocytes (cells that give rise to spores) were found beyond the confines of the host lorica, spread by the activity of the cilia or by the movement of the tintinnid.
Even here, the parasite continued to exhibit normal cell division. In the sporogenesis stage, a long, rosary-like chain of transparent sporocytes were formed (Figs 1, 2) . The process of cell division is very fast (Fig. 2) . After 3 hours of this division process, a huge number of motile spores were produced (Fig. 2F) .
Sporocytes developed flagella when the cell diameter attained a range of 8-15µm, but cell division continued further. The final products of sporogenesis were small bean-shaped flagellated cells, 4.0 -6.0 µm in length and 1.3 -2.0 µm in width (Fig. 2G) . Each cell had two flagella, but details of these structures could not be obtained. No dimorphism of motile spores has been observed.
Transmission electron microscopy
The specimens used for transmission electron microscopy were obtained from the same sample that contained the specimen designated as Duboscquella sp. 2 in our molecular work (see below). It is thus likely that they also belong to Duboscquella sp. 2, although no molecular identification was made on the specimens used for ultrastructural investigations. The section of a relatively early stage of sporogenesis within the host lorica, roughly corresponding to the stage C or D of Figure 2 , is presented in Figure 3A . Each parasite cell contains many spherical vesicles. Figure 3B shows a section of a small spherical sporocyte, roughly corresponding to the stage E of Figure 2 . The cell possesses a nucleus with dense chromosome-like structures, but these structures do not show features of typical dinokaryotic chromosomes (Fig. 3B ). These stages contain small spherical vesicles located at the periphery of the cell, cortical alveoli (= amphiesmal vesicles) ( Fig. 3C ) and trichocysts ( Fig. 3D ).
Phylogenetic analyses
We successfully amplified and obtained SSU rDNA sequences from 6 Duboscquella-like individuals from three localities ( Only the ML tree with bootstrap values for both MP and ML is presented (Fig.   4 ). Tree topologies of both methods were basically the same. In the phylogenetic analyses, in addition to the ciliates, apicomplexa and perkinsozoa, three major groups, corresponding to 1) a typical dinoflagellate clade (subdivision Dinokaryota) (Fensome et al. 1993) , 2) Marine Alveolate Group I and 3) Marine Alveolate Group II were recognized ( In addition to this clade, three more clades were recognized in the Marine Alveolate Group I lineage, each with high bootstrap values. The sequences from 'associates' of polycystine radiolarians and from a phaeodarian species (Dolven et al. 2007) were also included in the Marine Alveolate Group I clade. One of the four clades was dominated by sequences from these associates (Fig. 4) and associate from Androccyclas gamphonyca was included in another clade, which is dominated by environmental clones (Fig. 4) . The phylogenetic positions of these 'associates' were quite distant from that of Duboscquella spp. (Fig. 4) .
Discussion
Identity of the organisms So far, 8 species have been described in the genus Duboscquella (Coats 1988).
They have been distinguished from each other based on the trophont and the spore morphologies, the pattern of sporogenesis, and the host specificity. We initially identified all the collected parasites as Duboscquella aspida, based on the pattern of sporogenesis and host species (Favella ehrenbergii) (see Table 2 13 in Coats 1988). However, the present study clearly indicates that there are at least two genetically-separated 'species' making it impossible to determine which is the true D. aspida Cachon. We therefore identified the two genotypes as Duboscquella sp. 1 and sp.2. The purpose of this paper is to report on the phylogenetic position of Duboscquella species, and the assessment of their taxonomic entities, including possible presence of cryptic species, should be addressed in future studies.
Phylogenetic consideration
In the recent classification systems, the genus Duboscquella has been classified in the parasitic order Syndiniales in the subdivision Syndinea of the division Dinoflagellata (e.g. Fensome et al.1993) Alveolate Group I, they analyzed environmental DNA extracted from seawater samples prefiltered on 5µm pore size filters. Since the members of the alveolates, e.g. dinoflagellates and ciliates, are generally large, it was quite surprising that a large number of alveolate species had been detected in this small size fraction. However, if a large number of dispersal agents of parasitic alveolates are distributed widely in the water column, as shown in this study, it is no surprising that the alveolate taxa have been detected in this small size fraction as environmental clones.
In this study, we demonstrated that Duboscquella is a member of the Marine Alveolate Group I. This result and the fact that their 'motile spores' are very small suggest that some of the environmental sequences belonging to the Marine Alveolate Group I are actually those from parasites related to Duboscquella. In (Fig. 4) . These facts suggest that many of the members of the Marine Alveolate Group I could be either related to Duboscquella-like organisms or parasites of radioralian/phaeodarian protists.
Given that the huge diversity of Marine Alveolate Group I and the finding that parasites from different marine protists belong to this lineage, this suggests that parasitism is really widespread and important in the marine environment. As previous works (e.g. Groisillier et al. 2006 ) have revealed, the environmental clones belonging to the Marine Alveolate Group I can be detected almost anywhere in the ocean, which means the oceanic waters must be teeming with these small parasitic spores.
Methods
Sampling:
Water samples were collected with a 40 µm or 100 µm pore size plankton net (NXXX25 or NXX13, RIGOSHA, Saitama, Japan). The samples were kept alive at low temperature and transported to the laboratory. Light microscopy and photographic record: Individual host organisms infected by the parasites were isolated from field samples with a micropipette using a TS 100 inverted light microscope (Nikon, Tokyo, Japan). They were transferred to the centre of a vinyl tape frame attached to a glass slide (Horiguchi et al. 2000) and sealed with a cover glass for photography and observations. Parasites were photographed using a BX-50 light microscope, equipped with Nomarski interference optics (Olympus, Tokyo, Japan). The individual cells used for PCR were first photographed (Fig. 1) ; the record of Duboscquella sp. 1 (from Ishikari) and sp. 2 (from Hamana Lake) being made while the cells were still inside their hosts but, in the case of Duboscquella sp. 2 (from Kurosaki), only cells outside the host lorica were photographed . The sequential photographs showing the development of the sporocytes (Fig. 2) were taken using a specimen collected at Rumoi, Hokkaido, Japan on 19 August 2004. This parasite was not used for sequencing.
Transmission electron microscopy:
The specimens used for transmission electron microscopy were collected at Kurosaki Harbour, Kurashiki, Okayama Prefecture, Japan on 26 June 2005. Parasites within tintinnids were embedded in 1.5% low-temperature-gelling agarose (Merk, Darmstadt, Germany) made up in seawater and the piece of agarose gel with embedded tintinnids was initially fixed in 2.0% glutaraldehyde made up with 0.1M sodium cacodylate buffer (pH 7.0) with 0.1 M soucrose at room temperature for 2 hours. Then the piece of agarose was briefly rinsed in the same buffer before postfixation in 1% OsO 4 (in DW) at room temperature for 2 hours. After dehydration through an acetone series (30, 50, 70, 80, 90 and 100%) , specimens were embedded in Spurr's resin (TAAB Laboratories Equipment Ltd., Berkshire, UK) and sectioned.
Sections were placed on Formvar-coated copper grids and double stained with uranyl acetate and lead citrate. Thin sections were examined with a H-7650 20 transmission electron microscope (Hitachi, Tokyo, Japan) at 80kV.
Modified single-cell polymerase chain reaction, amplification and sequencing: Since extracting DNA of parasite from infected ciliate is difficult, we used the modified single-cell polymerase chain reaction (PCR) method described by Takano and Horiguchi (2004, 2006) For the SSU rRNA gene amplification, we used partially modified primers previously described by Nakayama et al. (1996) . Primers used in this study are shown in Tables 1. The PCR was performed in two steps. In the first round of PCR, almost the entire SSU rDNA was amplified using the terminal primers SR1 and SR12. In the second round of PCR, 1.0µL of PCR product of the first round of PCR was used as DNA template and the following 3 pairs of primers were Amplification reactions were performed using Gene Amp PCR Systems 2400 (Applied Biosystems, Foster City, CA, USA). The PCR conditions for both rounds were one initial cycle of denaturation at 93˚C for 1 min, followed by 35 cycles of denaturation at 93˚C for 30 s, annealing at 50˚C for 30 s and extension at 72˚C for 45 s. The temperature profile was completed by a final extension cycle at 72˚C for 4 min. To check the amplification efficiency, 5 µL of PCR products were electrophorized in 1% TAE agarose gels and stained with ethidium bromide. A 55 µL aliquot of sterilized distilled water was added to the PCR products to make the total volume up to 100µL, and 60µL of polyethylene glycol (PEG, 20% PEG6000 powder, 2.5M NaCl) was added to this PCR products and incubated on ice for 1hr to remove the primers and nucleotides excess. The solution was centrifuged at 14,000 rpm for 10 min at 4˚C to pellet the purified DNA, which was then rinsed with 70% ethanol and air dried. The pellet was redissolved in sterilized distilled water. The purified PCR products were sequenced directly using the ABI PRISM BigDye terminator Cycle Sequencing Kit (Perkin-Elmer, Foster City, CA, USA) and DNA autosequencer ABI PRISM310 Genetic Analyzer or ABI PRISM 3130 Genetic Analyzer The MP analysis was performed using the heuristic search option with the random addition of sequences (1000 replicates) and a branch-swapping algorithm (tree bisection-reconnection). Characters were weighted equally and gaps were treated as missing data. For MP, bootstrap analysis was carried out with 1000 replicates to evaluate statistical reliability of the tree topology (Felsenstein 1985) . For ML analysis, we used the program Modeltest 3.06 (Posada and Crandall 1998) to decide which evolutionary model best fits the data by the hierarchical likelihood ratio tests. ML analysis was carried out with the heuristic search option, with a branch-swapping algorithm TBR (tree-bisection-reconnection). As the starting tree, we used the NJ tree. For the SSU rDNA data set, the model selected by hierarchical likelihood ratio tests tree was the TrN+I+G substitution model. The parameters were as followed: assumed nucleotide frequencies A = 0. 2529, C = 0. 2033, G = 0. 2551 and T = 0.2887; substitution rate matrix with A-C substitutions = 1.0000, A-G = 2.1097, A-T = 1.0000, C-G = 1.0000, C-T = 3.0928 and G-T = 1.0000; proportion of sites assumed to be invariable = 0.2553 and rates for variable sites assumed to follow a gamma distribution with shape parameter = 0.6219. For bootstrap analyses with 100 replications for the ML of SSU rDNA data set, we used the heuristic search option with a branch-swapping algorithm, nearest-neighbor interchange; NNI, and starting-trees obtained by neighbor joining. 
